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Soil Stabilization with Large Organic 
Cations and Polyacids 
By R. L. NICHOLLS and D. T. DAVIDSON 
Previous studies at the Iowa Engineering Experiment Station have 
demonstrated the superior water-proofing ability of large organic 
cations as soil stabilizing agents (1, 2, 3). A method of combining 
this water-proofing ability of a large organic cation with the cement-
ing capacity of a polyacid is presently being studied. This report 
describes the mechanisms of water-proofing and cementing and 
presents results of the first part of the experimental work. 
WATER-PROOFING SOIL WITH LARGE ORGANIC CATIONS 
Large organic cations are adsorbed on the negatively charged sur-
faces of clay minerals and their hydrocarbon groups impede the 
movement of water through the soil pores. Due to greater van der 
Waals attraction, the larger cations are generally difficult or impos-
sible to replace by smaller organic cations or by inorganic cations 
( 4). Organic cations are also adsorbed between layers of the ex-
pandable lattice minerals of the montmorillonite group ( 5). They 
retard changes in the thickness of water films between these layers 
and thereby reduce swelling and shrinking of the expandable lattice 
minerals. In general, the larger the organic cation the greater its 
effectiveness in reducing the water adsorbing capacity of the treated 
soil ( 6). 
The mechanism by which large organic cations influence the bond-
ing of soil particles by water films may be presented descriptively 
in the following manner. 
A drop of liquid placed between two closely spaced parallel plates 
assumes a minimum energy configuration which depends upon the 
force of gravity acting on the liquid and upon interfacial tensions 
between the gas, liquid and solid phases. If the distance between the 
two plates is small, the gravity term is negligible and the configura-
tion of the drop may be predicted from interfacial relationships 
along. 
The range of configurations which the drop may assume under the 
influence of varying contact angles with the two plates is illustrated 
by use of a soap film ·analogy in the photographs, Figure la to ld. 
Two laboratory funnels having their rims coated with a soap solution 
were brought into superposition and then separated a short distance.* 
*A stable soap solution can be made with 60% distilled water, 30% glycerine 
and 10% triethanolamine oleate. A small amount of titanium dioxide powder 
gives the film a high index of refraction for better photographic results. This 
formula developed by Mr. Ray Bonanno of the Theoretical and Applied Me-
chanics Department, Iowa State College. 
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The upper funnel was closed to the atmosphere and a variable level 
water reservoir connected to the lower funnel provided a means of 
varying the pressure within the soap film. The law of surface ten-
sion governing the film tends to minimize its surface area for any 
given pressure difference across the surface of the film. In Figure 
la the film has been slightly evacuated. In Figure lb the pressure 
on both sides of the film is equal and the surface becomes a catenoid, 
since the minimal curve of revolution is a catenary. Figures le and 
ld illustrate successive increases of pressure within the film. Figures 
le through lh represent liquid drops between two parallel plates 
having the same configurations as the analogous soap films pictured 
above. 
In Figures le through lh the work required to separate the two 
plates against forces which are caused by the liquid drop may be 
expressed by the equation: 
dW/dD = 'YLA(dS/dD) + (yAs - 'YLs)dA/dD +(PG -
dPL/dD) (dA/dD) (1) 
where 
dW=work 
dD = increase in distance between the two plates 
'YLA = liquid-air interfacial tension 
dS = increase in liquid-air interfacial area 
y As = air-solid interfacial tension 
'YLs = liquid-solid interfacial tension 
dA =decrease in the liquid-solid interfacial area 
as represented by the shaded portion of Figure lj. 
The pressure within the liquid differs from that in the gas and the 
term (PG - dPL/dD) (dA/dD) accounts for the work done in 
moving the plates against this pressure di:ff erence ( 7). The value 
of PG - PL comes from the expression: 
1 1 
PG - PL= 'YLA(R1 + R2) (2) 
where PG is the gas pressure, PL is the pressure within the liquid 
and Ri and R2 are the radii of curvature of the surface film in its 
two principal directions, taking concavity toward the gas phase as 
positive. If the liquid perfectly wets the two plates, i.e. no contact 
angle, the liquid-solid interfacial area does not decrease when the 
two plates are separated. For this special case the second and third 
terms on the right-hand side of equation ( 1) drop out. 
Assuming comparable values of dS and dA for each of the con-
ditions represented in Figures le through lh, a quantitative com-
parison may now be made of the work required to separate the two 
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Figure 1. Configurations assumed by liquid drops between two plates and between two 
spheres for various contact angles. Photographs a to d are soap film analogies for the cor-
responding sketches e to h. 
plates a given distance in each of these four cases. In Figure le 
both of the energy changes due to movement of the triple interface, 
represented by the last two terms in equation ( 1), are positive. The 
term ( ysA - YLA) is positive because the contact angle is less than 
90 ° and the term (PG - dPL/ dD) is positive in analogy to the 
evacuated soap film in Figure la. The catenoid of Figure 1f rep-
resents a special case in which R 1 . -R2 and the last term of equa-
tion (1) drops out. In Figure lg the term (PG - dPL/dD) becomes 
negative and in Figure lh both (PG - dPL/dD) and (yAs - YLs) 
are negative. These comparisons yield the following relationship: 
dW/dD 1e > dW/dDir > dW/dD1g > dW/dD11i (3) 
showing that any increase in contact angle results m a decrease in 
the work required to separate the two plates. 
If the two parallel plates are replaced by the curved surfaces rep-
resented in Figures lk and lm the foregoing expressions will still be 
qualitatively valid. Since the contact angle between water and most 
mineral surfaces is very small, we may let Figure lk represent a 
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water droplet between two idealized mineral particles and Figure 
lm represent a water droplet between two similar particles which 
have been coated with large organic cations. 
In order to understand the action of large organic cations as soil 
stabilizing agents it may first be observed that mechanical failure of 
a soil mass involves shear planes along which particles roll and slide 
past one another. If Jhe soil is initially in a cornpacted state this 
process requires an increase in the void ratio and a separation of 
individual particles as the mass becomes dilatent. Figures lk and 
lm and expression (3) show that less work is required to separate 
the pair of idealized mineral particles coated with large organic 
cations than to separate the uncoated pair. 
Next the work required to separate a group of eight cubically 
packed spherical mineral particles under different moisture condi-
tions may be considered. In Figure 2a no moisture is present, hence 
no bonding. In Figure 2b only small annular rings of water are 
present around the points of contact of the mineral particles. The 
total liquid-air interfacial area is very small and all water molecules 
are in close proximity to the two mineral surfaces. Under these 
conditions, bonding by oriented water dipoles between the charged 
mineral particles may be large compared with the bond energy due 
to surface phenomena. As more water is added (Figure 2c) the 
liquid-air interfacial area is increased and the change in this area, 
dS, accompanying a given separation dD between the particles also 
increases. Thus the water bond energy in this range of moisture 
content is increased by the addition of water. As more water is 
added, however, the interior void between the eight spheres may 
become filled (Figure 2d). A comparison of Figures 2e and 2f, 
which represent top views of figures 2c and 2d respectively, illus-
trates the decrease in total peripheral length of water film (dotted 
lines) connecting the two planes of four spheres due to filling the 
interior void with water. The ratio dS/dD is therefore lower for 
Figure 2d than for Figure 2c and the water bond energy has been 
reduced. Figure 2g represents total immersion of the eight spheres 
in water. For this case no liquid-air interfaces exist and any water 
bonding must again be due entirely to oriented water dipoles in 
close proximity to any two charged mineral surfaces. 
Figure 2h illustrates the state of water bonding when random 
areas of the eight mineral spheres are coated with large organic 
cations. It becomes apparent that the maximum bond energy rep-
resented by Figure 2c can never be realized when part of the mineral 
surfaces are coated with large organic cations because the water-
organic cation interfaces represent areas for which reduced energy is 
required to separate the particles. However, the presence of the 
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Figure 2. Effects of moisture content and of partial coating with a surface active agent on 
the bonding of eightcubically:packed spherical particles by water. ' 
large organic cations may prevent ,a transformation to the condition 
of Figure 2d by inhibiting the entrance of additional rpoisture into 
the central void, 
These interpretations appear to be substantiated by the results of 
mechanical strength tests performed after air-drying and after 
immersion of soils stabilized with large organic _cations. · Air-dry . 
strengths are decreased by the addition of large organic cations 
whereas immersed strengths are greatly increased. At higher per-
centages of treatment, however, the immersed strengths also de-
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crease (Figure 10, p .... and reference 3). These results indicate 
that a percentage of treatment exists above which the beneficial 
effect of restricting the entrance of additional water during immer-
sion of the soil is exceeded by the detrimental effect of reduced bond 
energy resulting from the increase in water-organic interfaces. 
This presence of an optimum quantity of large organic cations also 
attests to the relatively high bond energy of water films compared to 
any bonding action which can be attributed to van der Waals attrac-
tion between large organic cations near the points of contact of the 
mineral particles. 
In addition to coating the exterior surfaces of mineral particles 
and restricting moisture movements through the soil pores, large 
organic cations are absorbed between layers of the expandable 
montmorillonite minerals. Their stabilizing action here depends 
upon a somewhat different principle. By minimizing changes in the 
thickness of water films between these layers they reduce fractures 
caused by differential swelling and shrinking throughout the soil 
mass. 
CEMENTING SorL PARTICLES WITH HrGH PoLY1rnRs 
High polymers, unlike large organic cations, increase the air-dry 
strength of soils ( 8). Bond action apparently depends upon both air-
water interfaces and upon the cementing action of the polymer. 
In recent years a fairly rigorous theoretical analysis has been 
made by systems in which the elastic properties of high polymers 
are improved by the inclusion of small amounts (usually below 25%) 
of mineral fillers ( 9-12). Mathematical expressions to characterize 
these systems have been developed from the classical derivation of 
Einstein (13, 14) and a subsequent modification by Guth and Gold 
( 15) which are based on the energy required for the displacement 
of a fluid around rigid disperse particles. 
Apparently no similar analysis has been made of systems in which 
the mineral phase predominates, i.e., where intergranular contacts 
exist and where the voids are not completely filled with high polymer. 
This is the condition in soils stabilized with high polymers. For cases 
where the mineral phase predominates, an analogous solution might 
be obtained by expressing the shear behavior of the rigid particles 
as a function of alterations due to inclusion of the polymer, rather 
than characterizing the fluid phase in terms of perturbations due to 
the inclusion of rigid particles. 
The resistance to shear of a granular material may be expressed by 
the equation: 
S = N tan e (4) 
where S is the shear strength, N is the intergranular pressure normal 
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to the shear plane and e is the angle of internal friction of the gran-
ular material. If there are interparticle forces operating indepen-
dently of N, the equation becomes 
S = C + N tan e (5) 
the Coulomb equation in which C is the cohesion. Although the 
physical significance of cohesion is quite complex, a portion of this 
term can be attributed to the resistance to dilation during shear 
which is offered by the large air-water interfacial areas in fine grain 
soils. This mechanism was discussed in the previous section. 
A typical stress-strain curve from a direct shear test on dense sand 
is illustrated in Figure 3. As indica tee!, the maximum shear stress of 
a dense sand often occurs about midway between zero strain and the 
strain at which maximum dilatency is developed. This behavior is 
typical of dense fme grain soils as well. 
An organic polymer in soil may decrease the total air-water inter-
facial area, and therefore decrease that portion of cohesion attrib-
uted to water bonding. On the other hand, the polymer contributes 
cementing action of its own which is apparently a function of the 
density of polymer chains crossing the shear plane, their orientation. 
Young's modulus of the chains in tension, and the lengths of chains 
between points on each side of the shear plane which are relatively 
fixed, such as between branch points in a polymer network. 
Methods of employing a given amount of polymer in the soil to 
achieve maximum shear strength may be visualized in various ways. 
Two theoretical advantages accrue from having the polymer chains 
connect directly between soil particles, as in Figure 4b instead of 
passing around the particles, as in Figure 4a. In Figure 4b, the soil 
particles themselves constitute portions of the polymer network. 
According to this scheme a polymer network may be visualized in 
which the branch points have been magnified many times and re-
placed by soil particles. The smaller the void ratio of the soil, the 
greater will be the effective portion of soil particles in the polymer 
networks. By this method a greater number of chains (composite 
chains comprised of both polymer and soil particles) are made to 
cross any shear plane with a given amount of polymer. 
A second theoretical advantage of polymer bonding directly to 
neighboring soil particles is the effect of such a system in decreas-
ing the average length of polymer chains between fix points. In 
Figure 5 two polymer chains crossing the shear plane b-b at an 
angle () have different lengths between fix points on opposite sides 
of the shear plane. For a given shear displacement S, cl'/d>D'/D. 
If both chains have the same Young's modulus the shorter chain will 
therefore offer the greater resistance to shear. Ideally, a relationship 
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Figure 3. Typical plot of a direct shear test for dense sand. (Taken from Fundamentals 
of Soil Mechanics, by Donald W. Taylor.) 
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a b 
Figure 4. Comparison of the effectiveness of a non-bonded soil-polymer system (a) with a 
bonded soil-polymer system (h) in resisting shear across the surface b-b. 
may exist in which the average length of polymer segment between 
fix points is such that maximum retractive stress of the polymer will 
be attained at the same shear strain at which the maximum internal 
friction stress indicated in Figure 3 is developed. 
The realization of both of these advantages depends upon the 
formation of bonds between the soil particles and polymer which are 
at least as strong as those within the polymer. Bonds between soil 
particles and polymer might be van der Waals, ionic or covalent in 
nature. Interesting examples of ionic and covalent bonding between 
polymer and dispersed mineral particles are found in the field of 
rubber technology. Havenhill and coworkers ( 16) discovered that 
when highly positive fillers are milled into rubber, which is itself 
very negative, the strong electrostatic bonds formed gave rise to 
8
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Figure 5. Resistance offered by a single polymer chain to shear across the surface b-b as a 
function of length of the polymer chain between fix points. 
a b c 
Figure 6. Optimum orientations of polymer chains in a soil subjectf'd to different types of 
stress: (a) shear, (b) tension, and (c) compres.':;ion. 
additional increases in modulus of elasticity and tensile strength. 
By this method, the tensile strength of pure gun GR-S stocks was 
increased more than fivefold. Sterns and Johnson ( 11) found that 
when rubber containing carbon black is vulcanized using sulfur and 
accelerators extensive chemical bonding of polymer to the mineral 
surfaces occur. The bonds so formed constitute additional points of 
constraint and increase the modulus of elasticity beyond that of a 
system having no bonding between polymer network and mineral 
particles. 
In connection with this relationship, in which maximum retractive 
tensile stress of the polymer and maximum frictional shear resistance 
between mineral particles are developed simultaneousiy, another 
possibility may also be observed. If an initial tensile stress can be 
induced in the polymer, the initial shear displacement will require 
greater external force and the system will assume a character 
analogous, on an infitismal scale, to that of prestressed reinforced 
concrete. 
Finally, greater strength might be obtained with the same amount 
of polymer if the polymer chains could be oriented in such a manner 
as to most effectively resist a given type of applied stress. In the 
field of rubber technology the phenomena of chain orientation due 
to imposed strains has received considerable attention. For example, 
Flory and coworkers ( 17) have developed an equation for the pro-
portion of randomly distributed chains which are lengthened as a 
function of deformation in a stretched rubber and have studied the 
relationships between degree of cross-linking, orientation due to 
strain, and maximum tensile strength of rubbers. 
For a soil-polymer system subjected to direct shear, preferential 
orientation of the polymer chains might be represented by the slanted 
lines in Figure 6a. The orientation shown for simple tension (Figure 
9
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6b) and simple compression (Figure 6c) are apparent from a con-
sideration of elementary mechanics. 
In summary, the theoretically ideal conditions for maximum utili-
zation of a polymer in soil appear to be: 
1. Direct bonding between neighboring soil particles. 
2. Pretensioning of polymer chains. 
3. Orientation of polymer depending upon the external stresses to 
be resisted. 
Methods of attaining the first two of these three conditions are 
presently being studied and will be described in the experimental 
section. General mathematical expressions for the above relation-
ships are outlined in the following paragraphs. 
Imagine that each of three soil samples, row 1 of Figure 7, is sub-
jected to a shear displacement dD. Since shear failure in granular 
materials takes place within a zone instead of on a unique plane, the 
shear planes indicated in the samples may be considered as planes 
within a shear zone. Sample la will be stabilized with polymer 
having an initial average distance between fix points. The fix points 
may be either branch points in a polymer network or bonds connect-
ing the polymer to soil particles. Sample 1 b will be identical to la 
except that the initial average distance between fix points will be less 
than L. Sample le will be identical to 1 b except that an initial ten-
sion shall be placed in the polymer chains prior to the shear dis-
placement dD. A random initial orientation of polymer segments in 
each of the three samples will be assumed. 
In row 2, Figure 7, each polymer agent crossing the shear planes 
in the three samples has been projected into the plane of the paper 
and placed on the abscissa scale according to the angle which the 
projected segment makes with the shear plane. When the samples 
are subjected to a shear displacement dD, those segments between 
90 ° and 180 °, row 2, will not be lengthened and therefore will 
undergo no tensile stress. The tensile stress developed in segments 
lying between 0° and 90° can be expresed by the equation: 
S' _ L'-L y 
- L (6) 
where S' is the tensile stress per polymer segment, L and L' are the 
initial and final lengths of the segment between fix points on opposite 
sides of the shear plane, and Y is the Young's modulus of the segment 
in tension. Flory (18, Ch. XI) presents a comprehensive analysis 
of the factors governing the Young's modulus of polymer systems. 
In row 3 the tension vectors of the polymer segments parallel to 
the direction of shear are shown as a function of rj>, the angle between 
10
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Figure 7. Tension vectors of randomly oriented polymer segments crossing a shear plane as 
functions of segment length between fix points and pretensioning. 
the projected segment and the shear plane. These curves are ob-
tained from the expression: 
L'-L 
[ 3 J = S' cos rj/ = ( Y) cos¢' 
L 
(7) 
where r 3] designates the tension vector parallel to the shear plane 
and ¢' is the adjusted angle ¢ after the sample has been subjected 
to shear strain. From the sketch at the tup or Figure 7, and by the 
law of sines, 
L' _ L sin ( 180 - ¢) 
- sin¢' 
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. , L tan¢ 
sm </> = dD + L cot ¢ 
L sin (180 - ,p) 
L' =-------=cos¢ (dD + L cot¢) 
L tan cf> 
dD + L cot cf> 
and 
------- ---
--- ·-- ! L tan cf> 2 
cos q/ = Y 1 - sin 2 ¢' = y 1 - (dD +L cot</>) 
Introducing these values into equation ( 7), 
[Vol. 64 
[ ] 
- \T r cos </> ( dD + L cot </>) - L l I ( L tan </> ) :! 
3 - 1 L L J -Y 1 - dD + L cot ¢ 
(8) 
As this equation indicates, the ordinate values of graph 3b are 
greater than those in 3.a due to the shorter polymer segment length 
in sample (b). Curve 2 in graph 3c represents the stress parallel to 
the direction of shear due to pretensioning the polymer segments, 
expressed by the equation: ' 
[3c2] = S cos¢ (9) 
where S is the pretension stress per polymer segment. Curve 3 in 
graph 3c represents the total tension parallel to the direction of shear 
due to pretensioning plus shear displacement. 
Row 4 represents the tension vectors in the polymer segments 
normal to the shear plane, expression by the equation: 
[ 4] = S' sin ¢' 
= y j cos <t>J.~_!D + L cot ¢) - L l j _ L tan _p _J ( 10) 
· L L J L dD + L cot ¢ J 
The contribution of the prestress tension in this case, represented 
by curve 2 in graph 4c, is 
[4c2] = S sin q1 (11) 
To find the components of total tension normal and parallel to the 
direction of shear the curves in rows 3 and 4 respectively may be 
integrated between the limits of 0° and 90°. Analogous to the basic 
Coulomb equation we then obtain: 
( 90° f 90° S=C-c+Ntan9+tanfi [4J+ [3] 
J 0 . 0 
(12) 
where S is the applied external shear stress at any value of shear 
strain, c is the reduction in water-air interfacial bond energy due to 
the presence of the polymer, and the other quantities are as desig-
12
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nated previously. Maximum shear strength is developed at the strain 
at which a combination of the five terms in equation ( 12) obtains a 
maximum. 
PROPERTIES OF 1-'0L YELECTROL YTES 
As the experimental work deals primarily with the dilation and 
contraction of polymeric electrolytes and with the formation of metal 
chelates a brief outline of these two fields will be presented in the 
following paragraphs. 
Dilation and Contraction of Polymeric Electrolytes 
Polymeric electrolytes, commonly called polyelectrolytes, are a 
class of high polymer molecules having ionizable groups as part of 
their repeating unit. Electrochemically, the polyelectrolytes include 
polyacids, polybases, and polyampholytes. The polyampholytes con-
tain both acidic groups and basic groups .. 
The mechanism of swelling of ionic polymers, presented by Flory 
(18, pp. 584-598, 629-637) and others (19-23), may be explained 
on the basis of either of two mutually related phenomena: electro-
static repulsion and osmotic pressure. Expressions for the swelling 
of linear ionic polymers based upon the electrostatic repulsion con-
cept have been derived by Katchalsky and coworkers ( 20). For the 
sake of brevity the osmotic pressure concept developed by Flory will 
be presented here. 
When a polyelectrolyte is ionized, as for example when polyacrylic 
acid in dilute aqueous solution is neutralized with sodium· hydroxide 
(Figure 8), the concentration of the mobile sodium ions will always 
be greater in the gel than outside because of the attracting power of 
the fixed negatively charged carboxyl groups. Consequently the os-
motic pressure of the solution inside will exceed that of the external 
solution and the expansion force may be equated to these differences 
in osmotic pressures of the two solutions. The osmotic pressure (18, 
p. 587) arising from the difference in mobile ion concentrations be-
tween the gel and the external solution will be: 
7l'i =RT [C+ + C_ - (Ct+ C.'.1'_)] (13) 
where 
71'; = the difference in osmotic pressure caused by the difference in 
mobile ion concentrations. 
R = gas constant. 
T = absolute temperature. 
c+ + c __ =total mobile ion concentration inside the gel at equi-
librium. 
C! + c:_ =total mobile ion concentration outside the gel. 
13
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Figure 9" Contracting and water-proofing a polyacid by chclaticn with a tran3ilion metal. 
If a polyacid gel is highly ionized the C + term (in the case of our 
example, the sodium ions within the gel) will increase in an effort to 
maintain electro-neutrality within the gel, causing a greater expan-
sive force ?T;. When a small concentration of a salt such as sodium 
chloride is added to the solution the concentration of the internal 
mobile ions Cf + C~ increases relative to the concentration of the 
external mobile ions c+ + c_ and the expansive force ?Ti is greatly 
reduced. The gel, though still ionized, returns to the randomly 
kinked configuration indicated at the left of Figure 8. 
Katchalsky and Zwink (22) found that transferring polyelectro-
lyte fibers from one solution to another of higher chemical potential 
required a larger force to maintain the length of the fibers constant. 
Thus when polyrnethacrylic acid fibers held at a constant length 
were transferred from a solution of sodium hydroxide to one of 
barium hydroxide, tensile stresses were induced in the fibers. Ex-
ploiting this relationship to provide the pretension stress in equations 
9, 11 and 12 i~ Qr!c;! qf the experimental objectives of this study. 
14
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Chelation of Polyacids 
Whereas the ionic character of polyacids permits a manipulation 
of dilation and contraction, it is also responsible for an undesirable 
feature, water affinity. An ideal solution to this problem would be to 
find a way to bond the polymer to adjacent mineral particles, and 
then alter it in a way to accomplish both tensioning and water-
proofing of the polymer chains. Fortunately the tensioning and 
water-proofing appear possible by the reaction between polyacids 
and transition metals such as iron, copper, zinc and nickel. These 
metals react to produce essentially covalent bonds between neighbor-
ing ionized acid groups as illustrated in Figure 9. 
:1\iany cations other than the transition metals react with strong 
electron donors such as nitrogen, sulfur and oxygen to form similar 
ring structures in which the metal bonds are essentially ionic. The 
term chelate is applied to these ring structures whether the metal 
bonds are esentially ionic or covalent. Chelates in which the metal 
bonds are essentially covalent are termed inner-complex salts ( 24). 
Martell and Calvin (24, p. 183) point out that the factors which 
govern the relative tendencies for various metals to combine with a 
given electron donor may be divided into two classes: (1) the ionic 
forces which are related to both charge and radius of the metal ion, 
and ( 2) the relative tendencies of various metals to form homopolar 
bonds with electron donors. Regarding class ( 1), studies of ion 
exchange equilibria in polyelectrolytes ( 2 5) have shown general 
agreement with the results of the classical Hoffmeister-series inves-
tigations. More highly charged ions are generally adsorbed in pref-
erence to those of less charge and among ions of the same charge, 
those having smaller hydrated radii are usually adsorbed in prefer-
ence to those of larger hydrated radii. Regarding class ( 2), Mellor 
and Maley ( 26) pointed out that as a first approximation the stabil-
ity of metal chelates seems to decrease with increasing basicity of the 
metal, weakly basic copper forming the strongest, and the most 
strongly basic metal, magnesium, forming the weakest chelates. Thus 
the metals which can form the strongest homopolar bonds generally 
form the most stable chelates. 
EXPERIMENTAL 
The objectives of the experimental work were to evaluate the use 
of polyacids with large organic cations for soil stabilization and to 
study the possibility of chelating the polyacids at a reaction rate low 
enough to permit ionic bonding of the polyacids to the large organic 
cations coating the mineral surfaces before final water-proofing and 
tensioning of the polyacid chains. 
For purposes of study one soil, a silty loam C-horizon loess, and 
one large organic cationic material, Arquad 2HT, were used. Arquad 
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2HT, a quaternary ammonium chloride, was chosen on the basis of 
previous tests indicating its ability to restrict moisture movements in 
the soil ( 3). The properties of the loess, of Arquad 2HT and of nine 
polyacids and polyacid salts used as additives are tabulated in the 
Appendix. 
Soil specimens were prepared and tested by the following proce-
dure: 
1. Add Arquad 2HT in aqueous suspension to 700 grams of the 
soil and mix in a Hobart model C-100 mixer. 
2. Add the desired polyacid in aqueous solution or aqueous emul-
sion to the soil and continue mixing; the total water added in steps 
1 and 2 being enough to bring the soil to optimum moisture content 
for standard Proctor density. 
3. Mold the soil in four 2-inch diameter by 2-inch high specimens 
compacted to near standard Proctor density. 
4. Air cure the specimens for seven days and test two of the speci-
mens in inconfmed compression. 
5. Immerse the remaining two specimens in water for 24 hours 
before testing them in unconfined compression. 
Figure 10 shows the compressive strength of the soil as a function 
of Arquad 2HT as the only additive. Arquad 2HT hydroxide, repre-
sented by the solid line in Figure 10, was prepared by mixing equiva-
lent amounts of potassium hydroxide and the quaternary ammonium 
chloride in isoproponol and filtering off the precipitated potassium 
chloride. For later investigations Arquad 2HT hydroxide was ob-
tained from Armour and Company, Chicago, Illinois. As indicated 
in Figure 10 the chloride and hydroxide forms of Arquad 2HT yield 
approximately equal strengths, a slight decrease in the immersed 
strengths occurring above 0.2 ;lo treatment in each case. The per-
centages of treatment indicated in Figure 10 and subsequent graphs 
are based on the solid weights of chemicals added in solution. 
In contrast to the Arquad 2HT treated soil, specimens treated with 
0.6o/a of the various polyacids and polyacid salts all slaked in water. 
The air-dry strengths of most of these specimens were about one and 
one-half times the air-dry strength of the untreated soil. 
When Arquad 2HT chloride was mixed in dilute aqueous solution 
with the various polyacids disperse floccules were formed. When 
Arquad 2HT hydroxide was mixed with the polyacids the floccules 
formed were much denser and precipitated more quickly than those 
formed with Arquad 2HT chloride, showing the added effect of 
ionization of the polyacid by hydroxyl ions in bringing the polyacid 
and organic cations together. Van der Waals attraction between the 
16
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Figure 10. Effect of amont of Arquad 2HT on unconfined compressive strength of the soil. 
Test specimens were 2 inches in diameter and 2 inches high. 
polyacid and the long chain cations is apparently responsible for the 
stability of the floccules in each case. These results are in substantial 
agreement with the behavior of similar systems studied by Iler ( 2 7), 
Kressman and Kitchener (28) and Terayama (29). Iler found that 
mixtures of long chain quaternary ammonium ions with polymeta-
. phosphoric acid were readily precipitated from aqueous solutions as 
gummy solids. Kressman and Kitchener observed that the affinity 
of certain large organic cations, including quaternary ammonium 
salts, for a polyanionic resin increases with increasing size of the 
cation, also suggesting the importance of van der Waals attraction. 
The compressive strengths of the soil treated with 0.2% Arquad 
2HT plus 0.6% of the various polyacids and polyacid salts are shown 
in Figure 11. All strengths in Figure 11 and the following graphs 
are immersed strengths. The three polyacids giving best results, 
Acrysols A-1, A-3 and A-5, are members of a homologous series of 
polyacrylic acids. Acrysol A-1, having the lowest molecular weight, 
gave the greatest strength, whereas Acrysol A-5, having the highest 
molecular weight, gave the lowest strength of the three. · 
One factor which may contribute to this inverse relationship be-
tween molecular weight_ of the polyacid and strength of the stabilized 
17
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. soil is the effect that polyacid chain length would have on the prob-
ability of a polyacid molecule coming to rest between two organic 
cations. Assuming the mineral surface area for one cation exchange 
position is 80 A2 ( 30, p. 134) and that the organic cations lying flat 
on the mineral surfaces (4) each occupy 120 A2 , the organic cations 
cover only 5.8;,to of the area represented by exchangeable cation 
positions alone. Although no distinction was made between inter-
layer cation exchange positions and cation exchange positions on 
the exterior surfaces in arriving at this value, it may, nevertheless, 
give some idea of the area covered by the organic cations. It is 
significant in illustrating that, for a random distribution, the proba-
bility of two organic cations on neighboring mineral particles being 
in close proximity is quite small. In the process of mixing, the 
number of cation-polyacid-cation bonds formed would seem to be a 
function of the number of polyacid molecules, the portion of mineral 
surface area covered by the organic cations, and the nature and 
time of mixing. For a given weight of polyacid added to the soil the 
number of molecules coming to rest between adjacent organic 
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~ Arquod 2HT hydroxide 
Arquod 2HT chloride 
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Average unconfined compressive strength, lbs • 
.Figure 11. U!Jconfined compressive s.trengths of the soil treated with 0.6% of various poly-
a.c1ds and polya~1d sal~s and 0.2% ?f ellher Arquad 2HT hydroxide or Arquad 2HT chloride. 
ii~i1~~t~1~mo~e;~i~~.~1 diameter by 2-mch high specnnens measured after 7-day air drying plus 
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cations will be statistically greater for the lower molecular weight 
fraction of polyacid. Theoretically, it appears that for a given 
weight of polyacid the strength of the treated soil should increase 
with decreasing molecular weight to a point where the average 
polymer chain becomes shorter than the length required to bridge 
the mean gap between two neighboring organic cations. 
The Arquad 2HT hydroxide was found to produce greater strength 
with each of the polyacids than did Arquad 2HT chloride (Figure 
11). In agreement with the results of flocculations in aqueous solu-
tion, the hydroxyl ions apparently ionize the polyacid groups and 
thereby increase ionic bonding between the polyacids and organic 
cations in the soil. 
Since Arquad 2HT is commercirJly available as a chloride salt 
the possibility of using the chloride form and adding inorganic bases 
such as sodium hydroxide and potassium hydroxide was investigated 
as an alternative to using Arquad 2HT hydroxide. Figure 12 shows 
the strength of the soil treated with 0.2 % Arquad 2HT chloride plus 
0.6%, Acrysol A-1 as a function of the amounts of sodium and potas-
sium hydroxides added with the Acrysol A-1. In comparing the 
sodium hydroxide and potassium hydroxide curves it may be recalled 
that the sodium ions, being highly hydrated at high moisture con-
tents, act as a strong dispersing agent in most soils whereas potas-
sium ions do not. In the case of sodium hydroxide the increased 
bonding of polyacid to cations caused by ionization of the polyacid 
by hydroxyl ions is apparently offset Ly the dispersing action of 
sodium ions. The lower strength of the soil treated with Arquad 











~ Acrysol A-I neulrolized with KOH 
-x--- Acrysol A-I neutralized with NoOH 
Percent neutralization with NoOH and KOH 
Figure 12. Unconfined compressive strengths of the soH treated with 0.2S-{, Arquad 2HT 
chloride and 0.6% Acrysul A-I as a function of percent neutralization of Acrysol A-1 with 
NaOH and KOH. 
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might also be partly due to this phenomena. Potassium on the other 
hand is not a strong dispersing agent and higher strengths occur 
throughout the entire potassium hydroxide range, indicated by the 
solid line in Figure 12. 
For comparison with the results of Figure 12 similar curves were 
obtained by replacing the Arquad ZHT chloride with Arquad 2HT 
hydroxide (Figure 13). As indicated, the Arquad 2HT hydroxide 
gave strength values slightly greater than those for Arquad ZHT 
chloride. 
To test the theory that the strength of the stabilized soil is a func-
tion of the number of cation-polyacid-cation bonds formed between 
neighboring mineral particles compressive strengths were measured 









-0--0--- Acrysol A-I neutralized with KOH 
-x--x- Acrysol A-1 neutralized with NaOH 
I 
0 20 40 60 
Percent neutralization with NaOH and KOH 
Figure 13. Unconfined compressive strengths of the soil treated with 0.2% Arquad 2HT 
hydroxide and 0.6% Acrysol A-1 as a function of percent n'eutralization of Acrysol A-1 with 
''faOH and KOH. 
A-1 content (Figure 14). It is interesting to compare the curves for 
immersed strength in Figure 10 with the strength contour curves in 
Figure 14. When Arquad ZHT is used alone (Figure 10) an opti-
mum amount or Arquad 2HT is reached for maximum immersed 
strength whereas when Arquad ZHT is used with polyacrylic acid 
(Figure 14) an increase in Arquad ZHT content from any point on 
the graph yields an increase in immersed strength. Apparently when 
Arquad ZHT and polyacrylic acid are used together the increase in 
strength contributed by cation-polyacid-cation bonds, as more 
Arquard ZHT is added, outweighs the decrease in bonding by mois-
ture films. The strength contours over most of the area in Figure 14 
are roughly parallel to the Acrysol A-1 axis. Apparently the concen-
tration of organic cations is a much more critical factor in establish-
ing cation-polyacid-cation bonds throughout the range of additives 
20










SOIL STABILIZATION 369 
1.0 l.S 2.0 
Arquod 2HT hydroxide, percent weight of soil 
Figure 14. Contours showing the relationship of unconfined compressive strength of the soil 
to Arquad 2HT hydr-oxide and Acrysol A-1 contents. Contours indicate 20-lb. increments of 
strength for 2-incb high by 2-inch diameter soaked specimens. 
investigated than is the concentration of polyacrylic acid molecules. 
Having obtained a sketchy understanding of the behavior of large 
organic cations and polyacids in the soil the next step was to study 
the effect of chelation on the contraction and water-proofing of 
polyacid molecules. Since Acrysol A-1 gave the highest strengths 
this polyacid was chosen for chelation studies. 
First, the degree of expansion of Acrysol A-1 molecules as a func-
tion of neutralization with sodium hydroxide, in accordance with the 
principal outlined on page 16, was determined by viscosity measure-
ments and by the use of the equation: 
a:a=b.L 
['Y/] 0 (14) 
where a: a is the volumetric expansion factor of the polymer mole-
cules, [r_,] is the intrinsic viscosity of the polymer in the presence of 
sodium hydroxide or other reagent causing a dimensional change and 
[ 'Y/] 0 is the intrinsic viscosity of the unperturbed polymer ( 31). 
Viscosities were measured with an Ostwald viscometer at 30° C. 
(flow time of water= 2 min. 56 sec.). Figure 15 shows the linear 
expansion factor a: as a function of the· percent neutralization with 
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sodium hydroxide and Figure 16 shows the expansion factor for 
lOOo/o neutralized Acrysol A-1 extrapolated to zero concentration. 
In order to determine which inorganic cations produce greatest 
contl«,ctions of the ionized polymer, and hence greatest tensile stress 
in the polymer chains after bonding to organic cations in the soil, 
viscosity measurements were made of neutralized Acrysol A-1 in the 
presence of various salts. The results of these tests are presented in 
Figure 17. The fact that ferric chloride, added even in very small 
amounts, precipitates Acrysol A-1 at the concentration used is strong 
evidence for formation of an inner complex salt. The only ionic 
groups in Acrysol A-1, the --Coo- groups, have apparently been 
rendered inactive by covalent bonding with iron, causing water-
insolubility. 
Metal chelates are formed by the displacement of acidic protons 
of the chelating agent by metal ions. Thus, addition of a metal salt 
to the polyacid causes a drop in pH, and the greater the tendency 
for the metal to combine with the polyacid, the greater the drop in 
pH. This constitutes a simple method of testing for chelation and 
it can be used to determine the tendency of different metals to com-
bine with the polyacid, 
The results of pH measurements obtained by titrating Acrysol A-1 
with these same salts, Figure 18, are in close agreement with the 
results of the viscosity measurements, Figure 1 7. It is obvious from 
Figure 18 that the ferric chelate is very strong whereas the tendency 
for' the alkaline earth metals, magnesium, calcium and barium, to 
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Neutralization with NoOH, percent 
Figure 15. Linear expansion factor of Acrysnl A-1 in 0.5% aqueous solution as a function 
of percent neutralization with sodium hydroxide. 
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2.0 
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Acrysol A-I concentration, gm/100 ml. ~O 
Figure 16. Linear expansion factor of Acrysol A-1 mo% neutralized with NaOH as a func-
tion of concentration. 
the same relative positions in Figures 17 and 18 with the exception 
of the ferrous ion. Since the data in Figure 17 were obtained for 
80% neutralization of the polyacid.whereas Figure 18 represents no 
neutralization, this displacement of the ferrous curve may indicate 
a greater pH dependency for ferrous chelate formation than for 
chelation with the other ions investigated. 
A comparison of the distances H1 and H2 in Figure 19 indicates 
that a given amount of copper causes great.et contraction of the poly-
3.0 I. NaCl 6. ZnCl2 
2.KCI 7. CuS04 
3. MgCl2 e .. Cu(NOy2 
2.5 
4. CoCl 2 9. FeS04 












1.00 0.1 0.2 0.3 0.4 
Equivalent ratio of salt to Acrysol A-I 
Figure 17. Lin~ar exp!l>..<sion factor of Acryso! A-1 in 0.5% aqueous solution 80% neutral-
ized with sodium hydroxide in the presence of various salts. 
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I. 80% neutralized with NaOH 
2. 40% neutralized with NoOH 




0.2 0.3 0.4 
Equivalent ratio of CuS04 to Acrysol A-I 
· Figure 19. Linear expansion factor of Acrysol A-1 in 0.5% aqueous solution as a function 
of percent neutralization with sodium hydroxide and of copper sulfate concentration. 
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0.1 0.2 0.3 0.4 
E~uivalent ratio of solt to Acrysol A-I 
Figure 20. Liuear expansion factor of Acrysol A-1 in 0.5% aqueous solution 10% neutral-
ized with sodium hydroxide in the presence of copper and iron salts. 
acid molecules at low percentages of neutralization. H 1 is the con-
traction occurring with a copper-Acrysol A-1 equivalent ratio of 
0.05 for 80% neutralization. H 2 is the contraction for the same 
equivalent ratio of salt to polyacid at 10% neutralization. If the 
polyacid is first neutralized to enable ionic bonding to the organic 
cations in the soil and subsequently chelated to stretch the polyacid 
chains, this relationship between H 1 and H2 may be significant from 
the standpoint of economy of the chemicals used to elongate and 
contract the polyacid chains. 
In Figure 20 the concentration caused by copper ions at 10% 
neutralization is compared with the contractions caused by ferrous 
and ferric ions. The fact that the ferrous curve now lies above the 
copper curve, corresponding more closely to the results in Figure 17 
than to those in Figure 16, seems to again indicate a greater pH 
dependency of ferrous chelate formation. 
As mentioned previously, the fact that ferric ions precipitated 
Acrysol A-1 under the conditions represented in Figure 17 is sug-
gestive of inner complex salt formation. To learn more about the 
water-proofing nature of copper, ferrous and ferric ions with poly-
25
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Percent neutralization with NaOH 
Figure 21. Optical densities of Acrysol A-1 in 0.25% aqueous solution equilibrated with 
various concentrations of FeS04 and FeCls as a function of neutralization with NaOH. 
acrylic acid optical density measurements were made. The use of 
optical density measurements, now a common identification test for 
inner complex salts, is based on the work of McKenzie and coworkers 
(32) and others who found that ionic chelates have adsorption 
spectra similar to those of the two reactants whereas covalently 
bonded chelates have adsorption bands characteristic of the chelate 
and hence of the metal bond. · 
Figures 21 and 2 2 show curves obtained by plotting optical den-
sity against the percent neutralization of Acrysol A-1 with sodium 
hydroxide in the presence of various amounts of ferrous, ferric and 
copper ions. The optical densities shown are the differences between 
readings of the chelates and of the metal salts. Readings were taken 
with a Klett Immersion model 800-3 photoelectric colorimeter con-
taining a blue filter. 
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Figure 22. Optical densities of Acrysol A-1 in 2.5% aqueous solution equilibrated with 
various concentrations of CuS04 as a function of percent neutralization with NaOH. 
It is interesting to compare the optical density curves of Acrysol 
A-1 in the presence of ferrous and ferric ions, Figure 21. The sudden 
color change in the presence of ferrous ions at approximately lOOo/o 
neutralization with sodium hydroxide is apparently caused by an 
alternate resonance form in the ferrous chelate. 
The optical density of the copper chelate (Figure 22) passes 
through a maximum at about 15'./'o neutraJization of Acrysol A-1 
with sodium hydroxide. At higher percentages of neutralization the 
green color of the chelate is gradually replaced by the blue color of 
copper hydroxide. These curves illustrate the critical dependence of 
copper chelate formation upon pH, an important factor to consider 
in its use for soil stabilization. The low concentration of the chelate 
at low percentages of neutralization is apparently due to the com-
petition of hydrogen ions with copper ions for the polyacrylic acid, 
whereas at pH values above the optimum for chelation the equilib-
rium is shifted from the copper chelate to copper hydroxide. 
In general, the number of chelate donor groups which can combine 
with a metal ion corresponds with the coordination number of that 
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Figure 23. Suggested chelate structures for polyacrylic acid with copper, ferrous and ferric 
ions. 
ion. Copper, with a coordination number of four, is almost always 
found in a square planar configuration whereas iron, with a coordi-
nation number of six, assumes octahedral coordination ( 24, p. 246). 
Suggested structures for the copper, ferrous and ferric chelates are 
shown in Figure 23. In the ferrous chelate (Figure 23b) a color 
change may be caused by displacement of the C=O double bond 
when a proton is removed from the carboxylate group by sodium 
hydroxide. In the structure suggested for the ferric chelate (Figure 
23c) there are no carboxylate groups from which protons can be re-
moved and therefore no color change would be possible. The fact 
that the ferric chelate precipitates more readily than the ferrous 
chelate (Figure 1 7) also seems to suggest a structure less polar than 
that of the ferrous chelate, in accordance with Figures 23b and 23c. 
Steric limitations to the structure in Figure 23c however have not 
been investigated. 
Whether chelation with copper, ferrous and ferric ions is intra-
molecular, as represented for the copper ion in Figure 23d, or inter-
molecular, as in Figure 23e, is probably statistical, depending upon 
the concentration of the polyacid chains. If the polyacid were used 
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in sufficient concentration in the soil to permit gelation, i.e. formation 
of a continuous network structure by intermolecular chelation, the 
bonding of soil particles would be effected by a continuous macro-
molecule, providing greater rigidity. 
SUMMARY 
The mechanisms of soil stabilization with large organic cations 
and with high polymers have been discussed and an equation has 
been derived for the shear strength as a function of properties of the 
polymer. 
From the experimental work completed to date it may be con-
cluded that: 
1. The immersed strength and air-dry strength of a silty loam 
treated with a large organic cationic. material can be increased by 
the addition of polyacrylic acid. 
2. The effectiveness of the polyacrylic acid is dependent upon its 
molecular weight. Three samples having average intrinsic molecular 
weights ranging from 75,000 to 250,000 give increasing strengths 
with decreasing molecular weight. 
3. The hydroxide form of the large organic cation used with poly-
acrylic acid gives greater strength of the treated soil than does the 
chloride form. 
4. The strength of the cation-polyacid treated soil can be further 
increased by partial ionization of the polyacid with potassium hy-
droxide. 
5. Cupric, ferrous and ferric ions form inner complex salts with 
polyacrylic acid, the ferric ion being the most active of the three. 
Several ferric complexes and slowly soluble ferric salts are presently 
being evalulated for their ability to increase the strength of the 
treated soil by reacting with the polyacid slowly enough to permit 
compaction of the soil and ionic bonding between organic cations and 
polyacid before tensioning and water-proofing of the polyacid chains 
by chelation. 
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Commercial Name Chemical Description 
Arquad 2HT Di-hydrogenated tallow di-
methylammonium chloride 
Acrysol A-1 Polyacrylic acid 
Acrysol A-3 Polyacrylic add 
Acrysol A-5 Polyacrylic acid 
Acrysol GS Sodium salt of Polyacrylic 
acid 
Acrysol G-110 Ammonium salt of polyacrylic 
acid 
Acrysol ASE-7 5 A linear copolymer of acrylic 
ester with a carboxyli<; acid 
Acrysol ASE-60 A very slightly crosslinked 
copolymer of acrylic acid 
Rhoplex AC-33 An acrylic resin 
Krilium Loamaker A hydroyzed polyacrylo-
nitrile 
Appendix 










































Rohm and Haas 
Company 
Rohm and Haas 
Company 
Rohm and Haas 
Company 
Rohm and Haas 
Company 
Rohm and Haas 
Company 
Rohm and Haas 
Company 
Rohm and Haas 
Company 





















Proceedings of the Iowa Academy of Science, Vol. 64 [1957], No. 1, Art. 37
https://scholarworks.uni.edu/pias/vol64/iss1/37
1957] SOIL STABILIZATION 
Properties of the Silty Loam* 
Chemical Properties: 
Organic matter .................................... . 
Carbonates ........................................ . 
Iron .............................................. . 






Cation exchange capacity ........................... . 
pH ............................................... . 
8.7 me/100 gm. 
8.7 
Mineralogical Composition of the Clay Fraction: Primarily montmorillonite 
with smal1er quantities of illite and kaolinite. 
Textural Composition: 
Sand .............................................. 0.4% 
Silt ................................................ 79.8% 
Clay .............................................. 19.8% 
Colloidal clay ................ : . . . . . . . . . . . . . . . . . . . . . . 14.5% 
USBPR classification ............................. : .. silty loam 
*Laboratory sample 20-2. 
lowA ENGINEERING EXPERIMENT STATION 
lowA .STATE CoLLEGE 
AMES, lowA 
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